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CHAPTER 1

INTRODUCTION

1.1

Overview

Combustion chambers for liquid rocket engines exhibit a complex phenomena developed from the interactions between combustion, turbulence and acoustic events.
Each event cannot be decoupled for an individual analysis in order to ascertain its
sole contribution to any combustion instabilities because they are all inherently tied
in a physical nature due to the injection process, combustion, and the role of exhaust
in thrust. An important aspect in the design of combustion related propulsion components is understanding the interaction between these events and the influence each
have on the combustion process.
The distinguishing feature of the combustion process is the flame. A flame exhibits a certain thickness, temperature, and time of existence. These three attributes
of a flame are primarily governed by species concentration and turbulence. The turbulent nature of a combustion chamber influences how the flame is stretched and
distorted. This stretching and distortion of the flame enhances mixing and vaporization of the fuel, but also contributes to an unsteady heat release. This unsteady
heat release gives rise to pressure oscillations within the combustion chamber. The
1

unsteady pressure oscillations not only influences the reaction rates of the fuel gas
mixture1 but the unsteady pressure oscillations will also develop a complex feedback
system that influences injector flow rates, nozzle exit flow rates, as well as contribute
to structural vibrations. It can be construed that the unsteady pressure oscillations
are manifested by the unsteady heat release, however in turn the unsteady pressure
oscillations feeds back into the combustion loop by altering the injector flow rates
and the cycle of events continues.
The stability of the combustion process is of great importance in order to
ensure the rocket operates as intended. The most critical, and probably the least
understood, aspect of rocket propulsion is maintaining stability of the combustion
process. It takes large sums of time, money, and effort in order to develop a new
rocket design. All this can be lost within a matter of seconds should the combustion process loose stability from a strong coupling of combustion events. This strong
coupling may ultimately lead to the rocket self-destructing soon after ignition due to
uncontrolled pressure oscillations. Although pressure fluctuations within a combustion chamber are quite normal [6], in unstable combustion the concern is the large
concentrations of vibratory energy that appears at one or more frequencies in the
spectrum [6]. These frequencies are typically easily recognized against the normal,
random noise background [6]. The primary goal of any combustion stability analysis is to understand what events lead to higher frequency modes and to prevent its
occurrence.
1

Higher pressure leads to an increased reaction rate due to influencing the concentration however
increased pressure reduces flame speed [13]

2

1.2

Analytical Scope

From a systems perspective a rocket is a complete entity. All the components are
tied together with each component having their respective role as a vital part of the
rocket. Going deeper into the design of a rocket, each component has critical design
parameters that are typically influenced by the rocket’s global design parameters.
An example of this in the context of combustion, and combustion chamber design, is
that a rocket will require a certain amount of thrust. This truster requirement is the
primary factor in determining the size of the combustion chamber, type of fuel, fuel
and oxidizer tank capacity, and the number of injectors.
To study the stability of the combustion process, the scope of the system is
brought down to only including the combustion chamber, injectors, and the nozzle.
This narrowing of scope isolates the combustion event to the components that are
directly responsible for the combustion process. The injectors provide the fuel and
oxidizer, the combustion chamber provides the environment for chemical reactions to
occur in order to release heat in an exothermic process, and the nozzle provides the
means in which the burnt fuel is expelled.
The only impact from narrowing the analytical scope to only including the
injectors, combustion chamber, and nozzle is that some uncertainty remains on the
impact of structural vibrations. Structural vibrations can reverberate through the
system and may potentially alter the fuel and oxidizer feed rates. The unsteady
structural vibration that are of concern are those that arise from the interaction
between the feed-system dynamics and the vehicle structure [6]. This event is typically

3

referred to as pogo. The term pogo comes from an analogy that the vibrational
motion mimics a pogo stick. A more technical, however brief, description of the event
is that pogo is recognized as a low-frequency oscillation that grows out of noise and
reverberates longitudinally along the rocket [6].
Upon eliminating the effects of pogo from the analysis, the remaining step in
narrowing the analytical scope of ascertaining combustion stability within a liquid
rocket engine combustion chamber is addressing the number of injectors. Liquid
rocket engines may have any number of injectors. Not only do liquid rockets have a
multitude of injectors, there are also various types of injector designs.

1.3

Problem Description

The scope of this research is to simulate the experimental parameters that led to the
combustion instability found from the experimental test conducted at the Propulsion
Research Center (PRC) at the University of Alabama at Huntsville (UAHuntsville).
The test comprised of using methane gas and gaseous oxygen flowing through a single
shear co-axial Rocketdyne injector with combustion occurring in an open atmospheric
resonance chamber. The primary goal is to characterize the early stage pressure
oscillations that may have lead to the combustion instabilities revealed from the post
data analysis of experimental test.
The use of only a single injector in the test apparatus deviates from reality since
liquid rocket engines have multiple injectors. The study of single injector elements in
a combustion stability analysis does have beneficial purposes. The limitation placed
on the analytical process when only using a single injector is no accounting for the
4

spray disturbances caused by nearby injectors. These disturbances could be from a
substantial heat release from a neighboring process aiding or accelerating vaporization
or from a neighboring pressure wave influencing the reaction process.
The benefit of performing a single injector analysis is it allows a simplification
of the problem. The study of a single injector precludes a more in-depth study of a
multi-injector manifold since it is expected that the flow dynamics of a single injector
are well understood before embarking upon the more complex scenario of the multiinjector manifold.
In a liquid rocket engine it is anticipated that under steady state operation an
injector will provide a narrow range of fuel and oxidizer mass flow to the combustion
chamber [10]. This range of flow rates is dictated by the instantaneous pressure in the
combustion chamber along with the pogo event mentioned earlier. At higher chamber
pressure, the exhaust flow will be greater than the inlet flow. The situation is reversed
for lower chamber pressures. At lower chamber pressures more fuel mixture is entering
the chamber than combustion by-products leaving. Therefore it is postulated that the
natural steady state mode of operation in the combustion chamber is the pressure will
oscillate at some amplitude and frequency at the exhaust nozzle and injector face.
The driving factor behind these pressure oscillations is the unsteady heat release
during the combustion process.
The nature of combustion instabilities can be characterized as an acoustic
combustion phenomenon. What needs to be demonstrated is how severe of an acoustic perturbations is required to make the system unstable. To accomplish this the
instantaneous heat release will need to be ascertained. The acoustic events that re5

quire characterization are the longitudinal, radial, and transverse modes as shown for
a simple thrust chamber and nozzle assembly in Figure 1.1.

Figure 1.1: Acoustic Modes

1.4

Methodology

The Computational Fluid Dynamics (CFD) code Loci-Chem [8], which incorporates
a finite-rate chemical reaction solver, will be utilized to capture the early stage flow
and combustion events within a computational domain of the same dimensions as the
injector and test apparatus used in the PRC experiment. The intent is to capture the
acoustic waves that are generated early in the combustion process and may influence
the combustion process. By understanding the acoustic response of the system in the
early stages of combustion one can then focus on how the pressure field couples with
combustion and leads to instability.
6

In order to capture the unsteady turbulent nature of the problem hybrid
Reynolds Averaging Navier-Stokes (RANS) / Large Eddy Simulation (LES) turbulence modeling will be used. This form of turbulence modeling is commonly known
as hybrid RANS/LES. Although the hybrid RANS/LES adds considerable computational cost, which means more computational time, the use of the hybrid RANS/LES
over the RANS turbulence model is warranted. The use of hybrid RANS/LES provides a necessary enhancement in preserving the large-scale motions of the flow and
mixing. An important role of hybrid RANS/LES in combustion instability analysis is the capability it provides in studying the influence of vortex shedding on the
combustion process.
The fundamental principle of hybrid RANS/LES is to explicitly compute the
largest structures of the flow field while modeling the smaller structures [13]. In order
to determine what constitutes a large structure versus a small structure a hybrid
RANS/LES model implements a filter to determine a cut-off wave number. On one
side of the cut-off wave number the turbulent structure is being computed, while on
the other side, a sub-grid scale model is used to resolve the turbulent features. In
order to accurately capture the turbulent features of the flow a suitable cut-off wave
number and sub-grid scale model must be chosen.
A full three dimensional computational mesh of the injector and test apparatus
is used. Although some CFD codes, such as the one used, have the capability to provide LES analysis on two dimensional meshes by providing the empty plane (unused
plane), the study of a fuel injector with turbulence, where swirl is likely present is inherently a three dimensional problem. Given the turbulent features of the flow, with
7

the addition of swirl, using a three dimensional mesh is the only means to properly
capture the turbulent features along with the acoustic events from combustion. The
issue with using a two dimensional or axisymmetric mesh in a turbulent combustion
analysis is the failure to adequately resolve the large scale turbulent structures. When
using a axisymmetric mesh that is fictitiously rotated around some axis of symmetry
the large scale eddies have no basis in which to be determined near the axis of symmetry. The lack of capturing the large eddie phenomena near the centerline impacts
the energy cascade and does not adequately capture the true nature of the mixing
and diffusion.
It has already been postulated that pressure fluctuations are anticipated on
the injector face. A key aspect of the CFD analysis is to monitor the pressure and
temperature fluctuation within the injector inlet streams.
Given the complexity of the reaction mechanisms, it becomes computationally
expensive and very time consuming to capture all of the reactions using the CFD
code’s embedded combustion application. Typical chemical schemes involve two to
hundreds of species with one to thousands of reactions [13]. GRI Mech 3.0 [15]
considers 325 elementary reactions involving 53 species for the chemical kinetics of
methane [19]. For every reaction there are equations to be solved and for every species
its transportation must be accounted for. Given this complexity it is typical in CFD
applications, when combustion is involved, to model the combustion process using
only a single step reaction model.
One limitation to using only a single step reaction is that it poorly predicts
combustion for rich flames [13].
8

CHAPTER 2

DESIGN CONSIDERATIONS

For a large variety of applications the use of a nonpremixed (diffusion) combustion apparatus is more practical than attempting to devise a solution centered
around a premixed fuel solution. For one, a premixed fuel requires fairly precise metering of the species in order to maximize its thermal output if the fuel and oxidizer
are initially separated. This metering, and subsequent mixing, must also occur at
relatively low temperatures so that the chemical reactions remain frozen. Two classical cases of premixed fuel applications are the spark-ignition engines and the Bunsen
burner. In both of these applications the fuel and oxidizer are initially separated and
are combined into a premixed mixture which is capable of sustaining combustion even
before entering the ignition zone.
Taking the premixed concept a little further by developing a system where
the combustion mixture is combined much closer to the ignition zone is the concept
behind direct injection. Since the fuel and air enters in different streams from low
pressure sources, mechanisms operating at the molecular level are an important part
of the process in order for a combustible mixture to be formed before it can be
ignited. The diesel engine is the premier technology incorporating this concept. The

9

ignition of diesel relies upon compression ignition (auto-ignition) in order to ignite
and it is heat and turbulence that is responsible for atomization, vaporization, and
mixing of the diesel fuel and air inside the cylinder. Once the piston approaches
top dead center the resulting pressure drives the temperature much higher triggering
combustion. The combustion phenomena in a direct injection application has become
known as partially premixed combustion.
The remaining mixture mechanism used in combustion devices is through the
diffusion flame process. Combustion is sustained in the diffusion flame process by stoichiometric species concentrations diffusing into the flame. Stoichiometry is achieved
in some instances through turbulent mixing however sustaining a diffusion flame is
primarily a micro-scale mixing phenomena where the fuel and oxidizer are present
on opposite sides of the flame. The simplest example of a diffusion flame is the candle. The wick in the candle holds the flame, however it is the heat from the flame
that melts the wax which in turn promotes vaporization. Once vaporized, buoyancy
effects lifts the mixture upward and the diffusion process entrains oxygen from the
air and sustains the flame sheet out from the wick. Although the wick is hot, the
flame sheet is sustained around the wick and the wick only burns down at the tip
where flame converges due to all of the combustible species being exhausted around
the lower portion of the wick. More advanced diffusion flame applications are found
in counter-flow combustion chambers and combustors using high pressure dual-feed
injectors. For both of these examples the fuel and oxidizers enter the combustion zone
from different, pressurized sources. Another attribute shared between the counterflow and dual-feed injectors is turbulence being the major mechanism for mixing the
10

products. Due to turbulence, the diffusion process of the mixture moving toward
the flame becomes more difficult to achieve and is more prevalent on a micro-scale
level right near the flame, therefore turbulence is the primary mixing mechanism in
a diffusion flame. The primary mixing mechanism is generally what differentiates a
turbulent diffusion flame from a laminar diffusion flames with the candle being an
example of a laminar diffusion flame.

2.1

Summary of Injector Design Criteria

The injection, atomization, and vaporization is different between liquids and gases
so the injectors are designed differently [16]. For the purposes of analyzing the combustion process, and its instabilities, it has been convenient to divide the acoustical
characteristics into linear and nonlinear behavior.
The following phenomena are usually ignored or greatly simplified: cross flows,
non-symmetrical gradients, unsteadiness of the flow, time variations in the local temperature, local velocity, local gas composition, thermochemical reactions at local offdesign mixture ratios, and at different kinetic rates, enhancement of vaporization by
acoustics fields, uncertainties in the spatial as well as the size distribution of droplets
from sprays, or drag forces on droplets [16].
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CHAPTER 3

EXPERIMENTAL TEST

Due to the cost of full-scale engine testing, various tests for combustion stability have been devised that can be carried out in a laboratory environment. An
attractive aspect of the laboratory testing is the ability to independently test individual components of the full scale system and ascertain their contribution to combustion
instability without incurring a lot of cost. The objective of the research of Huynh [5]
at the PRC was to access the validity of the UAHuntsville methodology for full scale
injector design evaluations. The method employed a measure of scaling, or commonly
referred to as a scaled down test, that gives insight into how the full-scale system may
react under the operating conditions imposed within a laboratory.

3.1

Test Overview

To test the injector, the PRC established an elaborate test matrix that was heavily
influenced by test data from full-scale testing conducted by Rocketdyne using the same
injector design. The Rocketdyne test identified several equivalence ratios between
the range of 1.18 to 1.58 that proved to lead to unstable combustion. The PRC
test matrix established testing the injector at a set of predetermined equivalence
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ratios with each set of equivalence ratios accessed with the injector at different radial
positions in the base of the resonance chamber. The equivalence ratio, velocity ratio,
and the momentum ratio were three parameters that were identified as key scaling
parameters in order to scale the full-scale Rocketdyne test to the PRC laboratory
test. The equivalence ratios ranged from 0.5 to 2.6 with nitrogen always comprising
72.7% of the total fuel volumetric flow rate [5]. Adding nitrogen to the fuel side
helped in matching the volumetric flow rate with Rocketdyne’s test conditions while
maintaining the proper equivalence ratios [5].
The laboratory experiment consisted of the Rocketdyne shear co-axial injector
shown in Figure 3.1, the open atmosphere resonance chamber shown in Figure 3.2,
the related fuel and oxidizer delivery system shown in Figure 3.3, and instruments.
The instruments were a combination of high and low frequency pressure transducers
along with thermocouples used to measure temperature. As can be seen in Figure
3.2 all data collection occurred on the resonance chamber wall.
The test initially began with the injector located at the center of the resonance
chamber. When the injector was finished being tested using the established equivalence ratios the injector was then moved closer to the chamber wall and retested using
the same set of equivalence ratios. The work of Huynh [5] details the experimental
configuration, results, and conclusions of the experiment.
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Figure 3.1: Rocketdyne Shear Coaxial Injector at UAHuntsville [5]

(a) Side View

(b) Top View

Figure 3.2: Resonance Chamber Dimensions (mm) [5]
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Figure 3.3: UAHuntsville Combustion Instability Test Piping Schematic [5]
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3.2

Experimental Results

The results of the PRC experiment shows an unstable mode of combustion occurring
at 2276.4 Hz along with a smaller amplitude of high frequency instability occurring
at approximately 4200 Hz for when the injector located at the center of the resonance chamber base. Figure 3.4 shows the normalized peak pressure recorded for a
transducer as a function of frequency and equivalence ratio setpoint.

Figure 3.4: Experimental Test Results Waterfall Plot [5]
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The PRC test identified which equivalence ratio produced the highest normalized pressure peak along with the mode of instability for each radial location as
summarized in Table 3.1. The normalized peak pressure amplitude is given as:

p0
=
pc




Peak Pressure Amplitude
− 1 × 100
Chamber Pressure

(3.1)

Table 3.1: Summary of Experimental Results
Distance from wall
 0 mm 63.5 mm
0
Amplitude ppc
4.5%
1.3%
Frequency (Hz ) 2276.4
2249.3
Mode
1R
1R
2.2
2.0
Equivalence Ratio (Φ)
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25.4 mm

12.7 mm

1.6%
1653.1
2T
2.0

2.18%
1653.4
2T
1.6

CHAPTER 4

MATHMATICAL MODELING

Loci-CHEM is the combination of the Loci framework with CHEM utilizing
the Loci framework through a library of Loci rules. Loci rules are run-time logical
statements that when ran through the Loci run-time logical deduction engine will
provide the compiler with instructions on how to optimize the computational routine
based upon the particular rule [8]. Loci is both a C++ library framework and a
programming framework specifically designed for developing computational simulations [1].
CHEM is the library of Loci rules that provides the computational aspects
of the code along with the numerical formulations. CHEM is based upon the finite
volume method and was developed to simulate non-equilibrium flow scenarios where
chemical reactions may be present. Apart from chemically reacting flows, CHEM
is a 3D flow solver capable of solving detailed flow regimes using generalized grid
domains. Generalized grids are those comprised of arbitrary polyhedral volumes
such as tetrahedra, prisms, pyramids, and hexahedra [8]. Cell-centered integration is
used in the discretization process since arbitrary cell shapes may be present in any
particular grid.
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The governing system of equation CHEM is developed to solve is given by [8]:

d
dt

Z

Z
(Fi − Fv ) dS =

QdV +
Ωc(t)

Z

∂Ωc(t)

Ẇ dV

(4.1)

Ωc(t)

Which is the integral form for the generic system of Navier-Stokes equations. In
Equation (4.1) the vectors Q, Fi , Fv , and Ẇ are defined as:






Q=










Fv = 





ρ1
·
ρs
·
ρN S
ρũ
ρ0













 , Fi = 










ρ1 ũ · ñ
·
ρs ũ · ñ
·
 ρN S ũ · ñ
ρũũ + pI˜˜ · ñ
(ρ0 + p) ũ · ñ



−ρ1 V˜1 · ñ
·
−ρs V˜s · ñ
·
−ρN S ṼN S · ñ
τ̃˜ · ñ


˜
˜
ũ · τ̃ − q̃ − Σρs hs Vs · ñ










 , Ẇ = 




















ẇ1
·
ẇs
·
ẇN S
0
0












The vector Q is the conservative state variables, Fi are the inviscid fluxes, Fv are the
viscous fluxes, and Ẇ is the chemistry source term.

4.1

Time Integration

Time integration can either be carried out by a single order, implicit backward Euler scheme or by a second order, three point backward time accurate scheme. The
single order and second order scheme both begin with the two parameter family of
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algorithms described by Beam and Warming [8]:




V (1 + ψ) ∆Qn − ψ∆Qn−1 = ∆t (1 − θ) Rn (Qn ) + θRn+1 Qn+1

(4.2)

In Equation (4.2), n is the current time step; θ and ψ determine the accuracy
of (4.2) and whether the formulation is the second order time accurate scheme or
the first order Euler scheme. The first order Euler scheme is used for steady-state
simulations.

4.2

Treatment of Inviscid Fluxes

CHEM uses a flux-difference spitting technique for the treatment of inviscid terms in
the Navier-Stokes equations. The flux-difference splitting technique splits the faces
into a left and right state through reconstruction of the functional values and when a
discontinuity exist the resulting flux should satisfy the Rankine-Hugoniot equations.
If no discontinuity is present and the functional is smooth then the left and right
states are approximately equal. For reconstruction of the functional CHEM uses an
adaptive approximate Riemann solver based upon the Roe scheme. A modification
to the Roe scheme is made in areas where strong, slow moving shocks are present.
In this scenario the Harten, Lax, van Leer and Einfeldt (HLLE) algorithm is used in
the area of the strong shock and the Roe scheme sees continued use in areas outside
of the shock regions.
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4.3

Limiters

In the treatment of inviscid fluxes the Barth/Jepersen and Venkatakrishnan limiters
are available to limit the MUSCL extrapolation in the reconstruction of the functional
for problems that contain discontinuities. The Barth/Jespersen limiter is robust and
prohibits overshoots however it does so at the expense of poor convergence. The
Barth/Jespersen limiter also has a tendency to destroy the accuracy of solutions in
relatively smooth regions of the field where small numerical perturbations activate
the limiter [8]. The Venkatakrishnan limiter overcomes the short-comings of the
Barth/Jepersen limiter by allowing small overshoots in smooth regions while enforcing limiting where strong perturbations are present [8]. The Barth/Jepersen limiter
provides robustness while the Venkatakrishnan limiter provides improved accuracy
and convergence characteristics [9].

4.4

Viscous Terms

CHEM only considers Newtonian fluids where there is a linear relationship between
the fluid stress and the cell deformation rate. The stress tensor to be solved is given
by:

τij = (µ + µt )

∂ui ∂uj
+
∂xj
∂xi


−

2
[(µ + µt ) ∇ · ũ] δij
3

(4.3)

To relate heat conduction and temperature gradients Fourier’s Law is employed given
by:


µt cp
q̃ = − λ +
∇·T
P rt
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(4.4)

A constant turbulent Prandtl number of P rt = 0.9 is used in all computations [9].

4.5

Transport Models

To complete the modeling of the viscous terms CHEM has four different transport
models to choose from other than choosing none for an inviscid solution. The most
basic model is set by declaring the viscosity (µ) to be a constant value. The next
transport model available is the Power Law model given by:


µ = µref

T
Tref

p
(4.5)

Where µref and Tref are the reference viscosity and reference temperature which must
be specified. The quantity p is the power which also must be specified. When using
the Power Law model the heat conduction is defined by setting the Prandtl Number.
The Sutherland model is available for flows where the temperature remains
under 1000K. The Sutherland equation for viscosity is given by [20]:

3

µ
T 2 T0 + S
≈
µ0
T0 T + S

(4.6)

Where T0 and µ0 are reference values for the temperature and viscosity respectively;
S is an effective temperature called the Sutherland constant, which is a characteristic
of the gas [20].
For temperatures exceeding 1000K, such as the case in reacting flows, the
determination of the species transport properties within Loci-CHEM are based upon
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a curve-fit tabulation as a function of temperature within a CHEMKIN, [7], transport properties file. The transport variables needed are the mixture heat conduction
coefficient, mixture viscosity, and the species diffusion coefficients. The CHEMKIN
transport properties file includes all the required entries for conducting reacting flow
and combustion analysis.

4.6

Thermodynamic Models

Two thermodynamic models are available to choose from. The default thermodynamic model setting in CHEM is to use the adaptive keyword where the specific heat
(cp ) is determined by a curve-fit polynomial equation if it is specified, otherwise the
thermodynamic model defaults to a vibrational equilibrium model.
The default thermodynamic model in Loci-CHEM is to calculate the internal
energy of species assuming the vibrational modes are in equilibrium. This equation
is given by:

ei (T ) = (hf )i + Ri ni T +

θvi
e

θvi
T


(4.7)

−1

The variable θv is the vibrational temperature. The vibrational temperature
is calculated by:
θv =

hvvib
kT

(4.8)

Where hvvib is the energy spacing between vibrational states with vvib being the
frequency of vibration, and k is a constant for the restoring force on an atom of the
molecule displaced from the equilibrium position [2].
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4.7

Turbulence Models

CHEM incorporates a variety of turbulence models. They include Menter’s Shear
Stress Transport model (SST), Menter’s Baseline Model (BSL), Wilcox’s 2008 version
of the k − ω model (Wilcox08), Wilcox’s 1998 version of the k − ω model (Wilcox98),
Wilcox’s original k − ω model (KW), Realizable k −  model (RKE), and the SpalartAllmaras model.
The Spalart-Allmaras is a one equation turbulent viscosity model that is best
suited for external aerodynamic flow applications. For enclosures, the two-equation
k −  turbulence model is fairly robust and gives sensible solutions for modest flows.
The k −  model has been well established and widely validated.
In the k −  model the turbulent kinetic energy (k) is resolved through solving
the two equation system for k and likewise the rate of dissipation of turbulent energy
() is resolved through solving for . In tensor notation form the k −  model is given
by [13]:



∂
∂
µt ∂k
∂
(ρ̄k) +
(ρ̄ũi k) =
µ+
+ Pk − ρ̄
∂t
∂xi
∂xi
σk ∂xi



∂
∂
∂
µt ∂

2
(ρ̄) +
(ρ̄ũi ) =
µ+
+ C1 Pk − C2 ρ̄
∂t
∂xi
∂xi
σ ∂xi
k
k

(4.9)

(4.10)

The production term Pk is formulated as [13]:

00 00 ∂ ũi
Pk = −ρ̄ug
i uj
∂xj

00

00

(4.11)

where the Reynolds stresses ρ̄ug
i uj are determined using Boussinesq expression [13].
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In physical terms what the k −  model achieves to do is establish the local
acceleration and convection of k and  to equal to the diffusion transport of k or
 combined with the rate of production and dissipation of k or . Solving the two
equations for k and  involves selecting the constants Cµ , σk , σ , C1 , and C2 . These
constants have been arrived at by comprehensive data fitting for a wide range of
turbulent flows [18] and come from the work of Launder and Sharma [14].
Cµ = 0.09, σk = 1.0, σ = 1.3, C1 = 1.44, and C2 = 1.92
The variable Cµ is not directly contained in (4.9) nor (4.10) however it is indirectly
used in determining the turbulent viscosity. The turbulent viscosity µT is determined
by [13]:
µT = ρ̄Cµ

k2


(4.12)

The RKE model imposes mathematical constraints on the normal stresses of the flow
that are consistent with the physics of the turbulent flow [18]. In the RKE model
the k equation remains unchanged from the original formulation, however the model
constants involved in determining  undergoes certain changes along with changes
to the  equation itself. Cµ is no longer constant and becomes dependent upon
additional variables and the  equation is changed to incorporate the mean-square
vorticity fluctuation.
Despite the k −  model’s popularity, simplicity, and cost effectiveness it does
have certain drawbacks [13]. One particular drawback is in the consideration of near
wall treatment. The k −ω model developed by Wilcox in 1998 has proved to work well
close to wall boundaries and overcame the shortcomings of the k −  for boundary
25

layer flows [18]. In the k − ω model, ω is the frequency of the large eddies and a
drawback to the model’s use is its sensitive to the freestream value of ω. An error in
the freestream value of ω can introduce spurious results to not only the freestream
results but also the boundary layer flow where the model is most beneficial [18].
The best scenario is to use the k − ω model for boundary layer flows and then
out from the wall transition to the k −  model. In 1994 that is what Menter proposed
to do. Menter’s BSL model has been shown to eliminate the freestream sensitivity
problems of the k − ω model and also overcome the k −  model’s susceptibility
to adverse pressure gradients seen near the wall [18]. Taking Menter’s model an
additional step produced the Shear Stress Transport (SST) model which lead to a
significant improvement in the handling of nonequilibrium effects such as those seen
behind shocks and close to areas of separation.

4.7.1

Hybrid RANS/LES

Loci-CHEM incorporates a hybrid RANS/LES model. The basic idea of the hybrid
model is that the largest turbulent scales are resolved on the computational mesh
while the smallest, unresolved scales continue to be modeled [9]. To model the smaller
scales a two equation turbulence model must be specified such as the k −  or k − ω
models.
A key aspect of the hybrid model is in making the determination of the turbulent length scale so that the appropriate turbulence model, LES or RANS, is chosen.
Once the turbulent length scale is resolved then a blending function provides a smooth
transition between LES mode and RANS mode.
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The determination of the turbulent length scale is made through [9]:

 r

νtRAN S
LT = max 6.0
, lT
Ω

(4.13)

Where Ω is the local mean flow vorticity, νtRAN S and lT are the eddy viscosity and
turbulent length scale associated with the RANS model. When the turbulent length
scales (LT ) are much smaller than the local grid scale the RANS mode is used in
the single scale turbulence model approach [9]. When the turbulent length scales are
much larger than the local grid scale the model switches to the LES mode.
The RANS turbulent length scale (lT ) from (4.13) is given as [9]:
3
2

lT = β

∗ kRAN S

RAN S

1

k2
=
ω

(4.14)

Once the turbulent kinetic energy (k) is resolved from the subgrid scale RANS model
then the turbulent kinetic energy on the larger turbulent scale where the LES model
is applicable is determined by [9]:

kLES = kRAN S fd

(4.15)

where fd is a dampening function given as [9]:

fd =

1
{1 + tanh [2π (Λ − 0.5)]}
2

27

(4.16)

The function Λ compares the turbulent length scale LT to the local grid size to
determine which scales are locally resolved [9].

Λ=
1+

1


LT
2LG

 34

(4.17)

where
LG = max (∆x, ∆y, ∆z)

is the local grid size.
The final step is determining the blended eddy viscosity (νt ) which is given
as [9]:
νt = νtRAN S fd + (1 − fd ) vtLES

(4.18)



p
νtLES = min 0.0854LG kLES , νtRAN S

(4.19)

where
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CHAPTER 5

CHEMICAL KINETICS

Understanding the role of chemical kinetics in the combustion process is essential. Chemical kinetics govern key parameters such as pressure, temperature, reaction
rates, flame speeds, time scales, mixing, and heat release rates. Given that the fuel
and oxidizer enter in different streams for the coaxial injector, the quantitative analysis of the chemical kinetics has to begin as a two-feed system. It is the role of
turbulence, viscous effects, and diffusion to mix the fuel and oxidizer to obtain the
proper stoichiometric ratio that will sustain combustion.
The kinetics of diffusion flames are rather unique compared to premixed flames.
For one, diffusion flames do not propagate. The flame surface is created when the
proper stoichiometric mix is achieved and enough activation energy is present to begin the reaction process. Turbulence aids in this mixing, however turbulence can also
cause undue flame stretch leading to extinction. Another unique challenge with diffusion flames is the ignition process. The mixture will only sustain combustion where
a stoichiometric ratio is present. The hot gases created are continuously mixed with
the fresh gas mixture and enough heat must be released from sustained combustion in
order to provide the activation energy required to continue the combustion process.
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5.1

Stoichiometry

During the combustion process of a stoichiometric methane/air mixture all of the
methane and oxygen will be consumed forming 1 mole of CO2 and 2 moles of H2 O.
Equation (5.1) shows the balanced chemical equation for this reaction.

CH4 + 2 (O2 + 3.76N2 ) → CO2 + 2H2 O + 7.52N2

(5.1)

From the balanced equation (5.1), 1 mole of methane will require 2 moles of
oxygen in order to facilitate complete combustion. Nitrogen is inert and does not
have an important role in the combustion process. To determine the number of moles
of air required to provide the 2 moles of oxygen for complete combustion the required
moles of oxygen is added to the number of moles of nitrogen giving 9.52 moles of air.

¯ for a methane/air
Therefore, on a molar basis the stoichiometric air-fuel ratio AF
reaction is 9.52.
To determine the stoichiometric air-fuel ratio for the methane/air mixture on
a mass basis the molecular weight of air is divided by the molecular weight of the fuel
¯ .
then multiplied by AF





 
Mair
Wair
28.85
A
¯
=
= AF
= 9.52
= 17.12
F st
MF st
WF
16.043

(5.2)

In describing the locations of stoichiometry in the flowfield when a two-feed
system is utilized the mixture fraction Z is an important quantity [12]. Z is closely
related to the equivalence ratio which will be shown. The important aspect about
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the mixture fraction is that it is a local quantity that determines the level of mixing
between the fuel and oxidizer at any particular point. For areas where pure fuel is
present the the mixture fraction will be unity and the mixture fraction will be zero
in the pure oxidizer stream.
The equation for the mixture fraction is derived from the balanced chemical
reaction equation and the mass fractions of fuel and oxidizer. Given the stoichiometric
coefficients and determining the mass fractions of fuel and oxidizer, YF and YOx , the
mixture fraction is defined as:

Z=

νYF − YOx + YOx ,2
νYF,1 + YOx ,2

(5.3)

The subscript 1 indicates the fuel stream and the subscript 2 indicates the oxidizer
stream and ν is the stoichiometric oxygen to fuel mass ratio.

ν=

ν´Ox WOx
ν´F WF

(5.4)

Equation (5.3) along with Equation (5.5) is used to determine the stoichiometric mixture fraction Equation (5.6).

νYF − YOx = 0



νYF,1
Zst = 1 +
YOx ,2
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(5.5)

−1
(5.6)

The equivalence ratio (Φ) is not necessarily a stoichiometric quantity however
it does give an indication of how rich or lean the mixture is. The equivalence ratio
is determined by dividing the stoichiometric air to fuel ratio by the actual air to fuel
ratio:
A
F st

A
F



Φ=

(5.7)

For a stoichiometric mixture Φ = 1. Like the mixture fraction, the equivalence
ratio is derived from the mixture mass fractions and the definition of a stoichiometric
mixture.
Φ= 

YF,u
YOx ,u
YF,u
YOx ,u

=ν



YF,u
YOx ,u

(5.8)

st

Where the subscript u indicates the unburnt mixture. To relate Φ to Z :

Φ=

Z (1 − Zst )
1−Z
Zst

(5.9)

One example in using the mixture fraction is in the the flamlet model for
nonpremixed combustion. In the flamelet model the field equation (5.10) for the
mixture fraction determines the location of the flame surface.

ρ

∂Z
+ ρv · ∆Z = ∆ · (ρD∆Z)
∂t
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(5.10)

Once Equation (5.10) is solved for the entire flowfield, the flame surface is defined
where a stoichiometric mixture is present [12].

Z (x, t) = Zst

5.1.1

(5.11)

Stoichiometric Methane/Air Mixture

For a stoichiometric methane/air reaction the total mass is:

ν´F WCH4 + ν´O2 WO2 + ν´N2 WN2 = 290.69576kg

(5.12)

Given that:
ν´F = 1, ν´O2 = 2, ν´N2 = 7.52
kg
kg
kg
, WO2 = 31.999 kmol
, WN2 = 28.013 kmol
WCH4 = 16.04 kmol

Using the results of Equation (5.12) to determine the mass fractions for a stoichiometric mixture:
YCH4 =

YO2 =
YN2 =

(1)(16.04)
= 0.05517
290.69576

(2)(31.999)
= 0.22016
290.69576

(7.52)(28.013)
= 0.72467
290.69576

The stoichiometric fuel to oxygen mass ratio is given by Equation (5.4):

ν=

ν´O2 WO2
(2)(31.999)
=
≈ 4.0
ν´F WF
(1)(16.04)
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(5.13)

In order to prove Equation (5.5):

νYF − YO2 = (4)(0.05517) − 0.22016 ≈ 0

(5.14)

Using Equation (5.13) and the derived mass fractions for methane and oxygen the
stoichiometric mixture fraction is:



νYF,1
Zst = 1 +
YO2 ,2

5.2

−1



(4)(0.05517)
= 1+
0.22016

−1
≈ 0.5

(5.15)

Reaction Rate

A central point of chemical kinetics in combustion is understanding the rate in which
fuel is consumed and products are formed. In equation form this is given by [19]:

d [XF ]
= −kG (T ) [XF ]n [XOx ]m
dt

(5.16)

Equation (5.16) relates the change in the fuel’s molar concentration with respect to time as a function of the fuel and oxidizer molar concentration times a global
rate coefficient kG (T ). The exponents m and n result from curve fitting experimental
data and defines the reaction order for a global reaction equation [19].
Since reaction mechanisms involve numerous elementary steps and many species
a compact notation better represents the chemical kinetics for the multistep reactions
as shown in Equation (5.17) with k being the kth species in reaction j.
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N
X
k=1

N
X

f orward
0
Xk ⇐===⇒
νkj
reverse

00
Xk
νkj

(5.17)

k=1

The total production rate of each species from all reactions involved in its
formation and destruction is given by Equation (5.18).

ω˙k = Wk

M
X

νkj Ωj

(5.18)

j=1

Equation (5.18) is the compact notation form equivalent to Equation (5.16) for any
species involved in a multistep reaction mechanism. The coefficient νkj is derived by
subtracting the reactant stoichiometric values from the product stoichiometric values
and Ωj is the progress rate of the jth reaction.

00
0
νkj = νkj
− νkj

Ωj = kf j

N
Y

[Xk ]

0
νkj

− krj

k=1

(5.19)

N
Y

00

[Xk ]νkj

(5.20)

k=1

The rate coefficients kf j and krj for each elementary reaction j are unique to each
reaction within the total reaction mechanism.
Rate coefficients are typically found from curving fitting the data from experimental tests [19]. The common means of expressing the rate coefficient is in the
Arrhenius form given as:
β

k(T ) = Ar T exp
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−EA
Ru T


(5.21)

This research made use of the activation energy and frequency factor for methane
gained from experimental results of Coffee et.al [3]. The datapoints and curvefit plot
of the results from Coffee’s experiment is shown in Figure 5.1.

(a) Frequency Factor

(b) Activation Energy

Figure 5.1: Methane Curve Fit Results from Coffee’s Experiment

The balanced stoichiometric equation for methane combustion produces a second order reaction. This second order reaction results in the units for the frequency
factor shown in Coffee’s data in Figure 5.1(a). The datapoint used from Figure 5.1
is where Φ = 1 which defines the equivalence ratio as being a stoichiometric mixture.
In order to use Coffee’s Arrhenius equation data in Loci-CHEM the frequency factor
and activation energy had to be converted to the proper units. The final form of the
Arrhenius equation used for this research is shown as Equation (5.22) where the activation energy has been divided by Ru in order to derive the activation temperature.
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kf = 1.0342 · 10 exp



1.464 · 104
T
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m6
kmol2 · s

(5.22)

The plot of Equation (5.22) as a function of temperature is shown in Figure 5.2.

Figure 5.2: Arrhenius Equation as a Function of Temperature

The Chemistry file used in Loci-CHEM to implement the Arrhenius Equation
is shown in Appendix A.
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5.3

Heat Release

The next step involving the chemical kinetics associated with combustion is determining the amount of heat released by the reaction. The amount of heat release is
derived by multiplying the net production rate, Equation (5.18), by the enthalpy of
formation for each species k:

ω̇T = −

N
X

∆hof,k ω˙k

(5.23)

k=1

Table 5.1 gives the enthalpy of formation for the species involved in the single, global
reaction equation for methane.

Table 5.1: Enthalpy of Formation ∆hof,k [13]
Species
CH4
O2
CO2
H2 O

kJ
kg

kJ
kmol

-4675 -74.8
0
0
-8943 -393.5
-13435 -241.8

For the global reaction Equation (5.1) the heat of reaction Q is determined by
the enthalpy of formations, the molecular weight of the species, and the stoichiometric
ratios. Equation 5.24 shows how the heat of reaction is derived.

Q=−

N
X

∆hof,k

k=1
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Wk νk
WF νF

(5.24)

The determination of Q is a simplification step since the heat of reaction for hydrocarbon fuels are well documented. Another simplification step in determining the
heat release when using the global methane reaction is applying the notion that the
reaction only proceeds in the forward direction. Using this information, along with
casting the mole fractions of species into their mass fractions form, the heat release
from the global methane reaction can be determined by:

ω˙T =

0
QWCH4 νCH4



ρYCH4
WCH4

0
νCH

4

ρYO2
WO2

νO0

2

kf

(5.25)

The density in Equation (5.25) is the total mixture density at the same location where
the mass fraction values are accessed.

5.4

Transport Properties

Transport properties are fundamental to the transfer of mass, energy, and momentum.
The three main transport properties of concern are the thermal conductivity, viscosity,
and binary diffusion coefficient.
Thermal conductivity is the transport property that determines the rate at
which energy is transferred in a diffusion process. The thermal conductivity is a
characteristic of any substance. Temperature and pressure play an important role in
the thermal conductivity however it is fluids whose thermal conductivity is generally
more susceptible to pressure and temperature changes than solids.
Viscosity is a property of a fluid that provides a resistance to the substance
from being able to flow. The coefficient of viscosity, or simply the viscosity, is a
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measure of the force required to make one layer of a fluid move at a different velocity
relative to another layer some distance away [2].
The Loci-CHEM release comes with a transport properties file for methane
and air that has the curve-fit polynomial coefficients used to determine the thermal
conductivity, viscosity, and binary mass diffusivity for all species involved in the global
methane reaction. This transport properties file was generated by the CHEMKIN
transport library and is shown in Appendix B.
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CHAPTER 6

VERIFICATION TESTS

A series of simple test cases were carried out to verify the chemistry settings
within Loci-CHEM before beginning the full computational analysis of the injector
and resonance chamber. These test cases were conducted to provided the detailed
information necessary to establish the grid resolution required to resolve the flame
front, establish the grid resolution within the injector and resonance chamber, and
to ascertain the time step required to resolve the flame. Since verification test are
generally scaled down, simplified models, any anomalies attributed to grid resolution
can be quickly remedied.

6.1

One Dimensional Test

The first test case was flame propagation through a stoichiometric methane/air mixture within a one dimensional domain. One reason to conduct the one dimensional
test was to verify that the stoichiometric methane mixture will ignite and the flame
will propagate using Coffee’s frequency factor and activation temperature. Once the
flame is propagating through the stoichiometric mixture the flame speed can be compared to the documented, published flame speed. Another reason for conducting the
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Figure 6.1: One Dimensional Test Case Domain Dimensions (mm)

one dimensional analysis was to establish the grid resolution necessary to resolve the
flame in the axial direction. The results of the grid resolution study provided a basis
for the necessary grid resolution of the primary case studies.
The geometry for the one dimensional test was split into two sections, a primary flame travel section and then an outlet section. The primary section is where
the flame will move through the stoichiometric mixture and the outlet section extends the primary domain out further to prevent any reflections from a nearby outlet
influencing the flame front and act as a region where the velocity and pressure can
gradually dissipate to atmospheric conditions. The overall domain dimensions measures 5.0 mm in width, 5.0 mm in height, and extends for 500 mm as shown in Figure
6.1.
The boundary condition for the area between the inlet and outlet were prescribed as symmetry boundary conditions which imposes an inviscid solution along
the boundary. The inlet and outlet boundaries were set to farfield boundary conditions in order to prevent reflections back into the domain which would mimic a shock
tube effect which is not the desired affect. The farfield boundary condition for the
outlet is air at standard conditions which established the temperature at 300 K, pressure of 1 atm, and the standard constituents of air. At the opposite end of the outlet
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Figure 6.2: One Dimensional Test Case Boundary Conditions

an initial high temperature region extending 5 mm into the domain is established
through the use of the initial conditions region capability within Loci-CHEM. This
zone is used to initiate combustion and is initially set to a temperature of 1300K.
The constituents of this initial, high temperature region is set to the by-products of
combustion as if combustion had already occurred within the region. The farfield
boundary condition on the high temperature end has the same pressure as the outlet
however the farfield temperature is set to 2200 K. Figure 6.2 graphically shows the
boundary conditions of the domain with the initial high temperature zone.
Time integration was set to use the second order time accurate integration
scheme with a time step of 3.0 × 10−7 seconds. Thirty three probes where placed 1.0
cm apart in the computational domain to monitor the flowfield variables .

6.1.1

One Dimensional Test Case Results

The temperature and heat release profile through the first 8 cm of the domain as a
function of time is shown in Figure 6.3. The temperature profile of Figure 6.3 shows
that as the flame travels through a probe location the temperature rises rapidly to
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Figure 6.3: One Dimensional Test Case Probe Temperatures and Heat Release

the adiabatic flame temperature. The adiabatic flame temperature is maintained at
each probe location due to the residual hot gases in the domain. The heat release
plot in Figure 6.3 shows a sharp spike in the heat release as the flame front passes
through each probe location. The amount of heat released at each probe location is
constant through all the probes.
The velocity, along with the flame front position as a function of time, is
shown in Figure 6.4. The velocity at the probe locations is highest as the flame front
approaches the probe location. This high velocity is due to flame front pushing the
stiochiometric gas mixture forward as it travels. As the flame passes through the
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Figure 6.4: One Dimensional Test Case Velocity and Flame Position

probe location the velocity rapidly decreases which indicates that the combustion
products are being pushed in the opposite direction in which the flame is traveling.
The Flame Position plot of Figure 6.4 shows the linear profile of the flame position
as the flame travels through each probe location. This linear profile illustrates that
even though the velocity is high approaching a probe location, then reverses direction
once the flame passes through, the flame travels through the domain at a constant
speed.
Figure 6.5 shows the typical time evolution of the temperature, velocity, and
heat release as the flame passes through a particular probe location. The velocity
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Figure 6.5: One Dimensional Test Case Probe Profile

profile of Figure 6.5 illustrates how the probe location will experience a reversal in
velocity as the flame passes though. Heat release begins to occur when the velocity
starts to reverse directions at the probe location and the temperature has risen enough
to provide the minimum amount of activation energy. From Figure 6.5, the minimum
amount of activation energy occurs when the temperature is approximately 750K
however the rapid rise in heat release occurs when the temperature reaches approximately 1200K. Once the flame has passed though the probe location the temperature
remains at the adiabatic flame temperature and the velocity remains constant in the
opposite direction as the direction of flame travel as illustrated earlier.
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A grid resolution of 15 nodes per mm was adequate to fully capture the flame
front. To determine the burning velocity (Su ), which defines the flame front speed
relative to the flow, the average flame speed was subtracted by the maximum velocity
ahead of the flame.
Su = Vf lame − Vmax

(6.1)

Where,
Vf lame =

dL
dt

(6.2)

with L being the flame front position at time t, therefore Vf lame defines the rate of
change of the flame position with respect to time which is the slope of the Flame
Position plot of Figure 6.4. Therefore, Vf lame defines the speed of the flame front
relative to a fixed reference frame. Using the flame position shown in Figure 6.4
along with the maximum velocity of ahead of the flame from the probe data at the 8
cm probe location as shown in Figure 6.5:

dL
9cm − 7cm
cm
=
= 150.15
dt
0.05669s − 0.04337s
s

Vmax = 95.0

cm
s

Therefore, the burning velocity Su = 55.15 cm
at the 8.0 cm location for the one
s
dimensional test case. Figure 6.6 shows the plot of Su , Vmax , and VF lame at the other
locations. Since combustion was initiated within a zone that extended 5 mm into the
domain the 1 cm location has a lower flame speed and was omitted from Figure 6.6.
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Figure 6.6: One Dimensional Test Case Flame Speed

6.2

Two Dimensional Injector Flow

A two dimensional flow of the injector was used to establish the grid fidelity inside
the injector. One criteria for the grid inside the injector was the grid must be of
high enough fidelity to insure that mixing of the fuel and oxidizer streams within the
injector are adequately resolved. Another criteria is the fidelity along the injector wall
must be adequate enough to resolve the boundary layer that will develop along the
fuel side of the injector wall which is around the outer circumference of the injector.
Another benefit gained from conducting the two dimensional flow is to study the
potential for vortex shedding occurring at the backward facing step at the mating
surface of the injector and resonance chamber.
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The computational domain for the two dimensional flow is one-half of the
injector with symmetry conditions along the injector centerline. The mesh was extended out far enough past the injector exit plane just to capture the point where
the velocity begins to dissipate. Since the primary purpose is to resolve the injector
grid fidelity the flow profile past the injector exit plane is of little consequence other
than to investigate the influence of the backward facing step. The inlet conditions
were set to the inflow species mass fractions and velocities from the experimental test
with the injector located in the center of the resonance chamber. The Shear Stress
Transport (SST) turbulence model was used along with the same transport properties
to be used in the full three dimensional, turbulent hybrid RANS/LES flow.
In order to meet the grid fidelity requirements to adequately capture the viscous sublayer along the injector’s fuel side wall a y+ value of approximately one was
chosen. The y+ value is a non-dimensional ratio between the friction velocity near
the wall, distance to the wall, and the local kinematic viscosity given as [14]:

y+ =

uτ y
ν

(6.3)

where uτ is the friction velocity near the wall, y is the closest grid point near the wall,
and ν is the local kinematic viscosity.

6.2.1

Two Dimensional Injector Flow Results

The velocity profile for the injector is shown in Figure 6.8. The plot of the axial
velocity in Figure 6.8(a) shows the growth of the viscous sublayer along the injector’s
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Figure 6.7: Injector Dimensions (mm)

fuel side wall. The radial velocity plot of Figure 6.8(b) shows the normal velocity
component along the wall having a no-slip condition. Figure 6.8 illustrates the nature
of the shear co-axial injector; the fuel stream is entering at a higher velocity than the
oxidizer stream. The shear created by the two contrasting velocity streams is the
mechanism in which atomization occurs within the injector.
The y+ values along the injector wall are shown in Figure 6.9. The distance
referred to in Figure 6.9 is along the injector outer wall beginning at the fuel inlet and
ends at the injector exit plane. The y+ values of Figure 6.9 are changing along the
injector wall due to mixing that is occurring within the viscous sublayer. The shear
along the boundary layer edges between the fuel and oxidizer streams, along with the
no-slip condition at the wall, is providing the means in which the viscous sublayer is
being exposed to more fuel-oxidizer mixture. This changing mixture effects the local
kinematic viscosity seen along the injector wall.
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(a) Axial Velocity

(b) Radial Velocity

Figure 6.8: Two Dimensional Test Case Velocities

Figure 6.9: Y+ at Injector Wall on Fuel Injection Side
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6.3

Three Dimensional Spherical Flame Propagation Test

The second test to verify the chemical kinetics was to exercise the ability of LociCHEM to accurately predict the radial expansion of a flame in a three dimensional
domain. In this test combustion is initiated in the center of a cylindrical domain that
represents a scaled down version of the resonance chamber. This test is important
since the domain of the problem to be ultimately solved could support a spherical
flame front growth profile if it were not for the turbulent nature of the problem.
Both the height and diameter of the cylindrical domain are 30 mm as shown in
Figure 6.10. An O-grid mesh is used with a high fidelity center ring having 15 nodes
per mm within a 10 mm radius. The tangential mesh fidelity is 320 nodes for the
360 degree circumference. The 10 mm radius of the high fidelity center represents 3.5
times the injector radius and it was shown in the one dimensional case that 15 nodes
per mm is required to resolve the flame front. Given the strong convection upward
from the injector exit plane and an anticipated flame lift-off height of approximately
20 mm the 30 mm diameter of the inner mesh should be large enough in diameter to
adequately resolve the turbulent flame in the full three dimensional injector case. Past
the high fidelity inner mesh radius the grid expands outward with farfield boundary
conditions at standard temperature and pressure prescribed on the exterior. The top
and bottom exterior faces also have the standard temperature and pressure farfield
boundary conditions prescribed.
The initial combustion zone is prescribed as a high temperature spherical
region with a radius of 1 mm located at the center of the cylinder. Establishing
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Figure 6.10: Spherical Test Case Domain Dimensions (mm)

Figure 6.11: Spherical Test Case Mesh Cross-section

53

this region is accomplished through the use of an initial conditions region containing
combustion by-products as if combustion had occurred in the region with an initial
temperature of 2000 K.

6.3.1

Three Dimensional Spherical Flame Propagation Test Results

The temperatures and heat release through the first 9 mm of the domain as a function
of time are shown Figure 6.12. The temperature profile at each probe location is
the same as seen for the one dimensional case where the temperature remains at
atmospheric temperature until the flame front passes through. Once the flame front
passes through the temperature remains at the adiabatic flame temperature. The
heat release shown in the bottom plot of Figure 6.12 shows a gradual increase in the
peak heat release until the flame reaches the 6 mm probe location then the amount
of heat release remains constant and matches the same heat release seen in the one
dimensional case.
The velocity, along with the flame front position as a function of time, are
shown in Figure 6.13. In contrast to the velocity profiles seen for the one dimensional
case, the velocity approaching the probe locations is gradually increasing to the peak
velocity as the flame front get nearer. In the one dimensional case the velocity at
each probe location maintained its peak value far ahead of the flame front and rapidly
decreased once the flame passed through. The velocity profiles of Figure 6.13 is
due to the three dimensional nature of the flow where more than one component of
velocity must be taken into consideration. As the flame front passes through a probe
location the velocity rapidly decreases and becomes stagnant other than some minor
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Figure 6.12: Spherical Test Case Probe Temperatures and Heat Release

fluctuations. This stagnation is due to the opposing byproducts of combustion being
sent inward within the spherical domain. Unlike the one dimensional domain it has
no means in which to be exhausted.
The Flame Position plot of Figure 6.13 shows the linear profile of the flame
travel. The linear profile of the flame position shows that even though the dynamics
of what is happening to the combustion byproducts is different than what was seen
for the one dimensional test case it does not inhibit the flame from maintaining a
constant speed as it expands radially outward.
The velocity contour plots of Figure 6.14 illustrates how as the flame front
expands radially outward the expended products of combustion meets an opposing
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Figure 6.13: Spherical Test Case Velocity and Flame Position

pressure. In Figure 6.14 the radial and axial velocity are zero within the inner portion
of the domain however at the flame front there is a sharp velocity gradient. Ahead
of the flame the velocity decreases until it becomes stagnant as can be seen for the
radial velocity of Figure 6.14(a) which is attributed to the same velocity profile seen
in the velocity plot of Figure 6.13.
Figure 6.15 shows the typical time evolution of the temperature, velocity, and
heat release as the flame passes through a particular probe location. Heat release
from combustion begins once the temperature at the probe location has reached
approximately 750 K and begins to rapidly increase once the temperature has reached
approximately 1200 K; the same as seen for the One Dimensional case. The velocity
stagnation point closely coincides with the peak heat release which is different than in
the One Dimensional case where the peak heat release occurred when the velocity is
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(a) Radial velocity

(b) Axial velocity

Figure 6.14: Spherical Test Case Velocities

at approximately -190 cm/s at the probe location. With the exhaust not having any
means of being expelled through an outlet it has increased the timing of peak heat
release in regards to the flame front compared to the One Dimensional case however
the amplitude of the peak heat release and the activation temperatures are the same
between the two cases. The temperature profile shown in Figure 6.15 is the same as
seen for the One Dimensional test case where the temperature remains at the ambient
temperature ahead of the flame and rises rapidly to the adiabatic flame temperature
once the flame passes through the probe location.
Figure 6.16 shows the comparison in burning velocity between the One Dimensional and Spherical test case. The burning velocity for the Spherical case is tending
toward the results seen for the One Dimensional Test case as the flame propagates
outward in the domain. The results of the three dimensional Spherical test compares
favorably to the One Dimensional test case.
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Figure 6.15: Spherical Case Test Probe Profile

Figure 6.16: One Dimensional and Spherical Test Flame Burning Velocity Comparison
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CHAPTER 7

COMPUTATIONAL ANALYSIS

The computational analysis of the injector and resonance chamber consisted
of computationally replicating the experimental conditions and domain dimensions
which produced the two highest instabilities revealed during the data analysis of
the PRC experiment. The two highest instabilities were found at different injector
locations with each injector location having different equivalence ratios causing the
instability. The largest recorded instability from the experiment was generated when
the injector was located at the center of the resonance chamber baseplate with the
injector inlet flow conditions producing an equivalence ratio of 2.2. The next highest
instability was when the injector was located 12.7mm from the resonance chamber
wall with an equivalence ratio of 1.6. The two injector locations in relation to their
placement in the resonance chamber baseplate can be seen graphically in Figure 7.1
and the PRC experimental inlet conditions causing the instabilities for each location
is shown in Table 7.1.
Three different computational analysis were conducted to computationally
replicate the conditions of the PRC experiments. Two of the computational analysis involved the on-axis injector location while the third analysis had the injector
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Table 7.1: Experiment Equivalence Ratios and Mass Flow Rates
Property
Φ 
ṁCH4 gs
ṁO2 gs 
ṁN2 gs

On-Axis Location
2.2
0.352
0.654
0.952

(a) On-Axis Injector

Off-Axis Location
1.6
0.331
0.829
0.873

(b) Off-Axis Injector

Figure 7.1: On-Axis and Off-Axis Injector Geometry

located in the off-axis position. The analysis of the on-axis injector was changed
from a three dimensional axi-symmetry domain (where only half of the domain was
utilized), to a full three dimensional domain. The single analysis case for the off-axis
injector location was carried out using a full, three dimensional domain.
The computational analysis of all of the cases were carried out with the same
progression in flow methodology before combustion was initiated. The first step of
each analysis was to begin with an inviscid flow setting were no turbulence modeling
is occurring. The inviscid flow parameter established a stable flowfield through the
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domain which aided in preventing any boundedness issues causing the solver solutions
to diverge. Another benefit of beginning with the inviscid flowfield parameters is the
flowfield is established much quicker due to the reduced number of equations that
need to be solved. Once the inviscid analysis began providing stable convergence,
and the flow domain was well established, the analysis was switched to RANS by
turning on the SST turbulence model. As with the inviscid portion of the analysis,
the RANS portion of the analysis was ran long enough to provide solver convergence
which is indicative of a well established flowfield. When the results of the RANS
portion of the analysis showed a converged flowfield the hybrid RANS/LES modeling
computations was initiated.
Combustion was initiated in the domain once the hybrid RANS/LES results
showed a statistically steady behavior. Combustion was initiated by establishing a
zone within the computational domain with hot gases of CO2 and H2 O as if combustion had occurred in that zone. This procedure was used in lieu of the capability
within Loci-CHEM to initiate combustion through the ignition source settings within
the input file. Trying to ignite the mixture through the ignition source setting resulted in a trial and error means of establishing the proper duration of ignition source
heating along with the amount of energy to be applied. This ignition method was
not successful and therefore was abandoned.

7.1

Computational Domain

The dimensions of the injector where shown earlier in Figure 6.7. The dimensions of
the resonance chamber is shown in Figure 7.2. Figure 7.2 is for the injector located
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at the center of the resonance chamber base which represents the on-axis injector
location. The entire posts for the injector’s fuel and oxidizer inlets were not utilized
however the computational domain did extended far enough down from the injector
exit plane to simulate the split feed system and to accurately capture the injector’s
flow and mixing.

Figure 7.2: Resonance Chamber Dimensions (mm)

The two computational analysis with the injector located at the center, onaxis location of the resonance chamber baseplate were carried out using structured
meshes given the symmetry of the domain. The analysis of the injector located 12.7
mm from the chamber wall for the off-axis location used a full, unstructured three
dimensional mesh. The differences between the three cases are the injector locations,
the different equivalence ratio for each injector location, and the type of mesh used.
As mentioned earlier, the verification test were the primary means in determining the grid fidelity, however the computational mesh sizes did require optimizing
given the resources available to conduct the analysis. A primary concern with the grid
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fidelity was maintaining 15 nodes per mm in the area where the flame is anticipated
to be maintained. This area is a cylindrical volume 10 mm in radius beginning from
the injector exit and extending upward 70 mm into the chamber. The mesh fidelity
from a radius of 10 mm out to the chamber wall was established by the criteria that
at least 20 nodes per mm would be required to accurately capture the acoustic waves.
For the structured mesh cases, the grid fidelity necessary to achieve a y+ equal to one
in the viscous sublayer along the injector wall had an influence on the grid fidelity
that had to be used within the chamber. In the axial direction the structured meshes
have 5 nodes per mm for the first 70 mm (in the flame zone) due to the strong convection at the injector exit plane. Past 70 mm the grid fidelity is stretched axially
toward the outlet.
The mesh for the on-axis full three dimensional case had approximately 16
million cells with about the same approximate number of nodes; the injector was
comprised of 3.2 million cells of the total 16 million. Given the axi-symmetrical case
was one half of the full three dimensional domain its mesh represented one half of
the number of cells or roughly 8 million cells. The computational domain for the
axi-symmetrical case is shown in Figure 7.3.
The unstructured mesh for the off-axis injector case is comprised of 11 million
tetrahedrons with approximately 2 million vertices. The mesh of the chamber was
devised to provide the highest fidelity in the area where the injector jet will form
and subsequently where combustion will occur. Figure 7.4 shows the fidelity of the
unstructured mesh and the location of the injector at the proximity of the chamber
wall.
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(a) Front View

(b) Isometric View

Figure 7.3: Axi-Symmetrical Case Geometry

For the off-axis injector case the injector region comprised of 3.9 million tetrahedrons so its fidelity is comparable to the fidelity of the injector for the 3D structured
case. Figure 7.4 shows the fidelity of the injector and chamber for the unstructured,
off-axis injector case.
The software gmsh [4] was used to create all of the grids for the computational
analysis. One caveat to the use of gmsh is that the grids had to be converted to
the vog format required by Loci-CHEM. The vog format is an hdf5 [17] binary data
structure that contains the nodes, connectivity, and boundary name data. In order to
convert the grids from the gmsh format to the vog format the grid was first converted
to the OpenFoam [11] format through the OpenFoam mesh conversion toolset, then
OpenFoam was used to create a Fluent mesh, then the utilities with Loci-CHEM were
capable of converting the Fluent mesh to the vog format.
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(a) Chamber Axial

(b) Chamber Longitudinal

(c) Injector Longitudinal

(d) Injector Exit Plane

Figure 7.4: Off-Axis Injector Case Mesh
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7.2

Boundary Conditions

The boundary conditions for all three cases are the same with the exception of the
injector inlet mass flow rates for the off-axis injector case. Table 7.2 lists the boundary
conditions along with the entry establishing the condition.

Table 7.2: Boundary Conditions
Boundary
Boundary Condition Value
Injector Wall
Viscous Wall
Adiabatic
Chamber Wall
Viscous Wall
Adiabatic
Outlet

Farfield

Oxidizer Inlet

Fixed Mass

Fuel Inlet

Fixed Mass

T = 295.0 K
p = 1 atm
u = 0.0 m/s
T = 295.0 K
Mass Fractions = O2 :1.0
ṁ (Center) = 6.54e-4 kg/s
ṁ (Offset) = 8.29e-4 kg/s
T = 295.0 K
Mass Fractions = CH4 :0.27, N2 :0.73
ṁ (Center) = 1.3e-3 kg/s
ṁ (Offset) = 1.204e-3 kg/s
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7.3

Inviscid Flow Results

Figure 7.5 shows the typical results of the inviscid flow inside of the injector for the
three cases. At this point in the flow regime no wall effects nor turbulence modeling is
in effect therefore the viscous sublayer near the injector wall is not being determined
during the computations. As mentioned previous, the intent of the invisicid flow
regime is to rapidly converge the flowfield before initiating the RANS modeling.

(a) Injector Cross-Section Velocity

(b) Injector Exit Plane Axial Velocity

(c) Injector Exit Plane Radial Velocity

Figure 7.5: Inviscid Flow Injector Velocity (m/s)

67

7.4

RANS Modeling Results

The RANS modeling was initiated once the inviscid flowfield was fairly converged.
The RANS modeling made use of the SST turbulence model since the SST model was
chosen to be used as two equation model for when Loci-CHEM’S hybrid RANS/LES
modeling capability is to be switched on. Figures 7.6 and 7.7 shows the converged
injector jet velocity and species mass fractions. The well defined profiles seen in the
figures indicates that the RANS results had converged.

(a) Axial

(b) Radial

Figure 7.6: RANS Flow Injector Velocity (m/s)

7.5

Hybrid RANS/LES Modeling Results

Once the RANS modeling converged the hybrid RANS/LES modeling capabilities
were initiated. Figure 7.8 shows the RANS jet being broken up from the influence
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(a) CH4 Mass Fractions

(b) O2 Mass Fractions

Figure 7.7: RANS Flow Injector Species Profiles

of the hybrid RANS/LES model on the flowfield. The radial velocity at the tip of
the velocity jet was concentric for the RANS modeling however Figure 7.8(b) shows
the three dimensional randomness of the flow from the hybrid RANS/LES modeling.
Figure 7.8(c) shows the turbulent nature of the CH4 flow which aids in mixing the
fuel and oxidizer. Comparing the uniform RANS CH4 jet of Figure 7.7(a) to the
hybrid RANS/LES CH4 results of Figure 7.8(c) shows that fuel and oxidizer mixing
is more prevalent in the hybrid RANS/LES flow.
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(a) Axial Velocity

(b) Radial Velocity

(c) CH4 Mass Fractions

Figure 7.8: Hybrid RANS/LES Flow Injector Profiles
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7.6

Axi-Symmetrical Case Results

The pressure and temperature along the centerline of the Axi-Symmetrical case at
different times are shown in Figure 7.9 (a) and Figure 7.9(b) respectively. The pressure and temperature at 15µs and 20µs show very sharp fronts which is indicative
of an early blast wave generated by the ignition. In addition, the profiles show the
pressure wave and temperature entering the injector region.
The effect of the blast wave seen in Figure 7.9 is the the allowance of a flame
front to move down into the injector. The movement of the flame front is facilitated
by the high temperatures near the injector exit plane shown in Figure 7.9(b) along
with the pressure wave migrating down into the injector.
Color contours of the time evolution of pressure and temperature along the
centerline are shown in Figure 7.10 and Figure 7.11. The pressure plots of Figure 7.10
illustrates how the pressure is changing inside the injector. Figure 7.11 illustrates how
the flame has become established inside the injector just off the tip of the oxidizer
post.
At 20 µs the pressure is beginning to increase on the outlet side of the fuel
post where the fuel and oxidizer begin mixing as can be seen in Figure 7.10(d). The
temperature profile of Figure 7.11(d) at 20 µs shows that the flame is well established
along the shear layer inside the injector.
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(a) Pressure

(b) Temperature

Figure 7.9: Axi-Symmetrical Case Centerline Pressure and Temperature
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.10: Axi-Symmetrical, Absolute Pressure (Pa), Centerline Slice
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.11: Axi-Symmetrical, Temperature (K), Centerline Slice
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To profile the combustion effects within the resonance chamber an axial slice
was taken 5 mm above the injector exit plane. This axial cut is shown by the red slice
in Figure 7.12. Figure 7.13 - 7.15 shows the pressure, temperature, and heat release
evolution within this 5mm axial slice.
The pressure profiles of Figure 7.13 shows the radial growth of the pressure
wave over time for the 5 mm axial slice. The peak intensity of the pressure changes
azimuth directions as time increases as can be seen in the figures. At 20 µs the
pressure shown in Figure 7.13(d) shows an intense peak radially upward at 10 mm
along the axis, then the pressure falls below the chamber mean at 6 mm. Between
the chamber center and 6 mm the pressure is well above the chamber mean. Near
the chamber center the pressure is near the chamber mean pressure. This cycling of
pressure upwards along the axis indicates a radial mode of combustion instability.
The temperature profiles for the 5 mm axial slice is shown in Figure 7.14. The
square temperature profile shows the influence of the initial hot temperature zone
used to initiate combustion. As time evolves the square temperature profile seen in
Figure 7.14(a) for the earliest time dissolves. The random nature of the location of
peak temperature can be noted in Figure 7.14. At 15 µs and 20 µs the temperature
along the centerline of the injector is near the adiabatic flame temperature while
outside of the injector radius sees the highest temperature.
The time evolution of heat release for the 5 mm axial slice can be seen in
Figure 7.15. The heat release follows along the randomness trend as seen for the
temperature and pressure where as time evolves the intensity and location of the
peak heat release changes.
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Figure 7.12: Axi-Symmetrical Axial Cut Plane

To further profile the pressure and temperature in the 5mm axial slice the
pressure and temperature data was plotted radially outward beginning at a radius
of 2mm then moved outward in 2mm increments. The pressure data was plotted
radially outward to 10mm while the temperature was plotted outward to a radius of
8mm. Figure 7.16 shows the plots of the time evolution of the pressure within the
5mm axial slice while Figure 7.17 shows the temperature.
The radial plots of pressure in Figure 7.16 substantiates the early mention of
the emergence of a radial mode of combustion instability. As point out early for the
20 µs pressure profile shown in Figure 7.13(d) the radial plot of pressure in Figure
7.16 shows the cycling pressure trend along the 90 degree radial direction.
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.13: Axi-Symmetrical, Absolute Pressure (Pa), 5mm Axial Slice

To ascertain the effects of the radial mode of combustion instability along the
chamber wall the pressure was plotted along the circumference of the chamber wall.
Given this early point in combustion the pressure on the chamber wall as shown in
Figure 7.18 remains at the chamber’s mean pressure.
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.14: Axi-Symmetrical, Temperature (K), 5mm Axial Slice
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.15: Axi-Symmetrical, Heat Release, 5mm Axial Slice
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.16: Axi-Symmetrical, Radial Absolute Pressure (kPa), 5mm Axial Slice
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(a) 1 µs

(b) 10 µs

(c) 15 µs

(d) 20 µs

Figure 7.17: Axi-Symmetrical, Radial Temperature (K), 5mm Axial Slice
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Figure 7.18: Axi-Symmetrical, Wall, Absolute Pressure (kPa), 5mm Axial Slice
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7.7

On-Axis Injector Case Results

The time points of 100 µs and 165 µs were chosen from the data history to profile the combustion dynamics of the On-Axis Injector case. In contrast to the AxiSymmetrical case the flame did not migrate down into the injector during the early
stages of combustion.
The prominent effect occurring for the On-Axis case is the pressure wave propagating down into the injector. This pressure wave is most prominent at 165 µs as
can be seen in the centerline pressure plot shown in Figure 7.19(a) and in the color
contour plot of Figure 7.20(b). The temperature profile along the injector centerline,
as shown in Figure 7.19(b), shows the intense heat near the injector exit is moving
away from the injector over time. The flame moving away from the injector is further
illustrated in Figure 7.21 which shows that as time evolves the flame is moving upward. The flame moving upward is in contrast the the Axi-Symmetrical case where
the flame moved into the injector.
The time evolution of CH4 and O2 mass fractions are shown in Figure 7.22
and Figure 7.23. At 165 µs the CH4 concentration is showing a rippling affect along
the injector wall. This rippling effect can be attributed to the pressure wave within
the injector along with the effect of the shear layer. Figure 7.22(a), which shows
the CH4 mass fractions at 100 µs, does not exhibit the same flow phenomena along
injector wall as seen at 165 µs. It can be noted that the mass fractions of O2 along
the injector wall is similarly affected as can be seen in Figure 7.23.
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(a) Pressure

(b) Temperature

Figure 7.19: On-Axis, Centerline Pressure and Temperature

To profile the combustion dynamics occurring inside the chamber the same
5 mm axial slice that was used in the Axi-Symmetrical case was also used in the
On-Axis case. As with the Axi-Symmetrical case, the radial mode of combustion
instability is emerging from the early stage pressure profiles.
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(a) 100 µs

(b) 165 µs

Figure 7.20: On-Axis, Absolute Pressure (Pa), Centerline Slice

(a) 100 µs

(b) 165 µs

Figure 7.21: On-Axis, Temperature (K), Centerline Slice

The time evolution pressure profiles for the 5 mm axial slice is shown in Figure
7.24. Figure 7.24 reveals the trend of high and low pressure waves moving radially
outward. This was also seen for the Axi-Symmetrical case. The pressure profile at 100
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(a) 100 µs

(b) 165 µs

Figure 7.22: On-Axis, CH4 Mass Fractions, Centerline Slice

(a) 100 µs

(b) 165 µs

Figure 7.23: On-Axis, O2 Mass Fractions, Centerline Slice

µs appears very uniform however at 165 µs the radial mode combustion instability
has created a pressure wave of alternating intensity.
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(a) 100 µs

(b) 165 µs

Figure 7.24: On-Axis, Absolute Pressure (Pa), 5mm Axial Slice

The temperature profile for the 5 mm axial slice is shown in Figure 7.25. The
temperature profile at 100 µs shown in Figure 7.25(a) is fairly uniform however at
165 µs of Figure 7.25(b) the temperature has become random and chaotic. This
randomness can in part be attributed to the movement of the flame more upward
into the chamber. The heat release shown in Figure 7.26 further illustrates this. At
100 µs the heat release has circular profile which is slightly larger than the injector
radius. This indicates that combustion is occurring around the injector in a uniform
manner. However, the heat release at the 5 mm axial slice at 165 µs is more random
and disperse.
The plot of the radial pressures in Figure 7.27 further illustrates the pressure
events shown earlier. The pressure profile is fairly concentric at 100 µs however as
the heat release becomes more unsteady and increases in intensity in the 5 mm axial
slice, as shown in Figure 7.26(b), the pressure profile changes to what is seen in
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(a) 100 µs

(b) 165 µs

Figure 7.25: On-Axis, Temperature (K), 5mm Axial Slice

(a) 100 µs

(b) 165 µs

Figure 7.26: On-Axis, Heat Release, 5mm Axial Slice

Figure 7.27(b) at 165 µs. The radial plot of temperature shown in Figure 7.28(b)
further illustrates what was mentioned earlier about the random, chaotic nature of
the temperature seen in the 5 mm axial slice at 165 µs.
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(a) 100 µs

(b) 165 µs

Figure 7.27: On-Axis, Radial Absolute Pressure (kPa), 5mm Axial Slice

The plot of the pressure around the circumference of the chamber wall in the
5mm axial slice is shown in Figure 7.29. The wall of the chamber at the 5mm axial
location does not show any significant pressures beyond the chamber mean pressure.
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(a) 100 µs

(b) 165 µs

Figure 7.28: On-Axis, Radial Temperature (K), 5mm Axial Slice
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Figure 7.29: On-Axis, Wall, Absolute Pressure (kPa), 5mm Axial Slice
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7.8

Off-Axis Injector Case Results

To profile the time evolution of the Off-Axis Injector case the time points of 50 µs
and 120 µs were chosen from the time history. Figure 7.30 shows the plot of pressure
(a) and temperature (b) along the centerline. At 50 µs the pressure and temperature
is uniformly high at the point where combustion is first initiated. Figure 7.31(a) and
Figure 7.32(a) shows the color contour plots of pressure and temperature at 50 µs to
further illustrate the initial pressure and temperature at the early point of initiating
combustion. By 120 µs the near wall acoustic effects are having an influence on the
combustion process. This is attributed to the cyclic nature of the 120 µs pressure
plot for the centerline pressure seen in Figure 7.30(a).
The temperature profile along the centerline at 120 µs shown in Figure 7.30(b)
shows that as the pressure is being reflected off the wall the flame is being influenced
by the acoustic interaction. The pressure and temperature contour plots at 120 µs
shown in Figure 7.31(b) and Figure 7.32(b) illustrates this. The pressure in Figure
7.31(b) is uniformly high along the chamber wall however along the injector centerline
the pressure has periods of low and high pressure. This cyclic nature of the pressure
along the centerline at 120 µs has resulted in the flame growing disproportionately at
the same time period.
A 5 mm axial slice was made in the resonance chamber to further ascertain
the near wall effects on the combustion process. The pressure in the axial slice is
shown in Figure 7.33. The pressure at 50 µs of Figure 7.33(a) was shown earlier to
not have an influence on the flame however at 120 µs the pressure along the chamber
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(a) Pressure

(b) Temperature

Figure 7.30: Off-Axis, Centerline Pressure and Temperature

wall has intensified as can be seen in Figure 7.33(b). The pressure profile at 120
µs is expanding tangentially along the wall and the disproportionate pressure waves
between the injector centerline and the wall shows that the pressure is being reflected
radially off the wall. The heat release in the 5 mm axial slice is shown in Figure 7.34.
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(a) 50 µs

(b) 120 µs

Figure 7.31: Off-Axis, Absolute Pressure (Pa), Centerline Slice

(a) 50 µs

(b) 120 µs

Figure 7.32: Off-Axis, Temperature (K), Centerline Slice

No heat is being released at 50 µs however at 120 µs the heat release is randomly
occurring around the outer radius of the injector where the stoichiometric mixture is
more prevalent.
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(a) 50 µs

(b) 120 µs

Figure 7.33: Off-Axis, Absolute Pressure (Pa), 5mm Axial Slice

(a) 50 µs

(b) 120 µs

Figure 7.34: Off-Axis, Heat Release, 5mm Axial Slice

The 120 µs pressure profile shows the emergence of a tangential mode of combustion instability. This is evident by the widening pressure profile seen in Figure
7.33 along the chamber wall. To further profile the pressure along the chamber wall
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the pressure was plotted radially along the wall. Figure 7.35 shows the growth, and
widening of the pressure profile along the chamber wall which is attributed to the
tangential mode of combustion instability.

Figure 7.35: Off-Axis, Wall, Absolute Pressure (kPa)
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CHAPTER 8

CONCLUSIONS

The early stages of methane combustion in an atmospheric cylindrical chamber
were studied for both on-axis and off-axis shear co-axial injector using the CFD code
Loci-CHEM. The goal of these computations was to ascertain the early development
of combustion instability by analyzing the dynamic pressure field in the chamber
after the onset of combustion. Earlier experiments had shown for the on-axis injector
location that a radial mode of combustion instability exists at certain equivalence
ratios. For the off-axis injector location, the experiment showed the near wall effects
caused a tangential mode of combustion instability.
• The CFD results for both the Axi-Symmetrical and full three dimensional OnAxis Injector cases show that a pressure wave triggered by combustion propagates in the radial direction towards the chamber wall. Upon reflection from
the wall, this wave will eventually interact with the flame front and could result in an unstable combustion. This is in agreement with the experimental
observations.
• The CFD results for the Off-Axis Injector case show the pressure wave triggered
by combustion reflecting off the nearby wall and then propagate both along the
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chamber wall and towards the interior of the chamber. The pressure wave propagation along the chamber wall is believed to be a precursor to the tangential
mode observed in the experiments.

Properly capturing all the phenomena in the analysis such as the flame thickness, fuel/oxidizer mixing, viscous boundary layers, and acoustic waves resulted in
very large grid sizes. Along with large grid sizes, the chemical kinetics required the
computational time-step to be set at approximately a tenth of a microsecond in order
to allow the combustion process to proceed steadily. Given the computationally intensive nature of the study, duration of run-time, and computer resources required to
conduct the research, it is important to look at different approaches to modeling combustion in a more efficient way that can allow a long duration integration. These long
duration computations are needed in order to get an accurate read on the frequencies
involved during the combustion process.
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APPENDIX A: CHEMISTRY MODEL FOR METHANE/OXYGEN
REACTION
//One-Step Methane Reaction
species =
CH4 : <mf
O2 : <mf
N2 : <mf
CO2 : <mf
H2O : <mf
} ;

{
=
=
=
=
=

0.0 > ;
0.233 > ;
0.767 > ;
0.0 > ;
0.0 > ;

reactions = {
CH4 + 2 O2 -> CO2 + 2 H2O
} ;

=

<Kf = Arrhenius(1.0342e15, 0.0, 1.464e4)> ;
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APPENDIX B: CHEMKIN TRANSPORT PROPERTIES FILES
//Species transport data file
//
species_count =
5
//
species : CH4
O2
N2
H2O
//
number_order =
4
//
patmos =
1.000000000000000
//
//Molecular weights
16.04303000000000
31.99880000000000
44.00995000000000
18.01534000000000
//
//Conductivity coefficients
//
-8.874382344320916
5.444578869363071
2.1227547834363151E-02 -2.128586669891020
-0.2874003348565147
1.2408060363915058E-02
-1.179842906217822
0.3029785257440284
-14.00155575656455
7.062907492366090
2.8947153276796398E-02
16.28736883790506
1.088693741277774
-5.5068483982513350E-02
//
//Viscosity coefficients
//
-18.59562801064127
2.942564248328408
1.2624547733706337E-02 -16.02272304619687
-0.1980864700722431
8.5386042679240267E-03
1.934049642275035
-0.1673657315886495
-22.71607688806846
4.577093709251384
2.0499283416514118E-02 -14.94019979115564
0.1374631390185346
-1.0371109583235267E-02
//
//Diffusion coefficients
//
-16.52951824779096
3.843617175568197
100

CO2

28.01340000000000

-0.5503965309890945
2.989595803958899
7.599031319456215
-1.5390342142501694E-02
-0.7437411127449518
-5.894936320836811

-0.2951678865515794
2.173984407478319
-15.54301224147343
7.2282516744803906E-03
-0.4916100949153130
0.5607251520099196

-0.2778105455935267

1.1747191369615462E-02
-0.2469118727888828
3.485035001905756
-18.55417266062302
1.4641227828256798E-02
-0.4271920051058041
3.587002561822792
-15.06607132321907
8.7632156693108736E-03
-0.1897192316558912
4.126589155450874
-20.24191975308118
1.7095173427748363E-02
-0.2346047927985672
3.131587188228075
-14.53138430792167
7.6902609799830981E-03
-0.3030621626670672
5.086759803776036
-18.55417266062302
1.4641227828256798E-02
-0.3113244857850248
4.052550394325762
-20.32277074775620
1.6505526676198690E-02
-0.3561695511694323
5.237759630215725
-20.24191975308118
1.7095173427748363E-02
-0.4179720879357015
4.848907205636675
-15.27660467573957
-5.0758223641027391E-03

-15.86034385007461
1.0506747923792832E-02
-0.2346047927985672
4.475279941504397
-20.62417143816724
1.7008774568781658E-02
-0.2469118727888828
3.251703011852207
-14.75677534948236
8.1115895593764191E-03
-0.3113244857850248
5.144079912715197
-15.59372249140550
1.0012158324175428E-02
-0.1897192316558912
3.046809042716508
-17.46777551543542
1.2764799828276338E-02
-0.4179720879357015
4.475279941504397
-17.69026495608682
1.3069498472979326E-02
-0.3030621626670672
4.940108249146012
-20.35198019564506
1.3189222509157281E-02
-0.4271920051058041
5.144079912715197
-20.05452866247267
1.6995346462791522E-02
-0.3561695511694323
2.429358167262868
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3.587002561822792
-15.59372249140550
1.0012158324175428E-02
-0.3519216583183169
5.237759630215725
-15.86034385007461
1.0506747923792832E-02
-0.2050415091514286
3.131587188228075
-17.69026495608682
1.3069498472979326E-02
-0.4226803628374081
3.485035001905756
-14.75677534948236
8.1115895593764191E-03
-0.1793674003177416
4.052550394325762
-20.05452866247267
1.6995346462791522E-02
-0.3519216583183169
4.126589155450874
-17.46777551543542
1.2764799828276338E-02
-0.4030384063360874
4.848907205636675
-20.62417143816724
1.7008774568781658E-02
-0.4226803628374081
5.086759803776036
-20.35198019564506
1.3189222509157281E-02
2.0005836177121629E-02
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